ABSTRACT The effects of an undetermined species of Nosema on Þtness of the muscoid ßy parasitoid Tachinaephagus zealandicus were examined in the laboratory. Infected female parasitoids that were given honey and water lived about one-half as long as uninfected parasitoids under these feeding conditions. Effects of infection on longevity were strongest at 30ЊC; infected and uninfected females lived 2.8 and 8.7 d, respectively. Infected and uninfected parasitoids that were given only water had similar longevities, but water-onlyÐfed parasitoids had much shorter lifespans than honey-fed parasitoids at all temperatures. Infection did not result in signiÞcant lengthening of development times of immature stages, with male and female parasitoids completing development from egg to adult in Ϸ23, 33, and 60 d at 25, 20, and 15ЊC, respectively. Overall emergence of uninfected parasitoid adults was 16 times greater than infected parasitoids at 15ЊC. Emergence of uninfected parasitoids was 11 and 3 times greater than infected parasitoids at 20 and 25ЊC, respectively, and sex ratios of emerged adults were signiÞcantly more male-biased in infected parasitoids at these temperatures than among uninfected parasitoids. Dissections of uneclosed puparia revealed that many infected parasitoids completed development to the adult stage but did not successfully emerge from host puparia. Infected and uninfected females killed similar numbers of hosts (70 Ð75 house ßy or Sarcophaga bullata larvae killed per group of Þve females in 24 h). Uninfected females parasitized signiÞcantly more house ßy larvae (59.7) and produced more than twice as many adult progeny (311.1) as infected females (34.1 hosts parasitized, 138.3 progeny produced). Infected females parasitized about as many S. bullata hosts as uninfected females and produced slightly fewer adult progeny (588.2 and 460.1 progeny per group of Þve uninfected and infected females, respectively). In tests with individual females given house ßy hosts daily throughout life, uninfected and infected parasitoids had similar longevities (3.9 and 3.7 d, respectively), but uninfected parasitoids produced 2Ð5 times as many adult progeny.
Tachinaephagus zealandicus ASHMEAD is a gregarious endoparasitoid of muscoid ßies that is commonly found in the Southern hemisphere (Olton 1971) . Hosts attacked in South America include house ßies (Musca domestica L.), Cochliomyia homnivorax (Coquerell) (Calliphoridae), Stomoxys calcitrans (L.) (Muscidae), Muscina stabulans (Fallen) (Muscidae), and Chrysomyia putoria (Wiedemann) (Calliphoridae) (Olton 1971 , Costa 1989 , Silveira et al. 1989 , Ferreira de Almeida 2000 , Monteiro and Pires do Prado 2000 . It also attacks larvae of the horn ßy (Hematobia irritans [L.]) (Muscidae), Hydrotaea aenescens (Wiedemann), and Sarcophaga bullata Parker (Diptera: Sarcophagidae) in the laboratory (CJG, unpublished data).
T. zealandicus has characteristics that make it an attractive potential biological control agent for use against Þlth ßies in the United States. Because this species attacks the host ßy in the larval stage, it could provide a useful complement to the suite of indigenous Þlth ßy parasitoids in the United States that attack pest species of ßies in the pupal stage (Rutz and Patterson 1990) . T. zealandicus is proovigenic, does not host feed, and begins attacking hosts soon after emergence (Olton 1971 , Olton and Legner 1974 , Ferreira de Almeida 2000 . Development rates are similar to Spalangia spp. pupal parasitoids, with development from egg to adult requiring Ϸ24 d at 25ЊC (Geden 1997 , Ferreira de Almeida et al. 2002a . Adults can live for several weeks on a diet of honey and water until hosts are located, and host attack rates range from 10 to 25 larvae killed (uneclosed host pupae) per female per day, depending on host species and environmental conditions (Ferreira de Almeida et al. 2002b) . Female parasitoids die soon after depositing their complement of eggs, living 2Ð5 d after exposure to host larvae regardless of age at the time of Þrst exposure to hosts (CJG and MAFA, unpublished data) .
The use of parasitoids in integrated pest management (IPM) programs requires reliable supplies of healthy organisms for release. Disease is one of the constraints that can limit the effectiveness of beneÞ-cial species. Recently we have found an undetermined species of Nosema (Microsporida) parasite infecting a colony of T. zealandicus (Ferreira de Almeida et al. 2002c) . The resulting disease shares some characteristics with the disease produced by Nosema muscidifuracis Geden and Becnel, a parasite of the pteromalid Muscidifurax raptor Girault and Sanders Geden 1994, Geden et al. 1995) . Maternal transmission is nearly 100% efÞcient, and larvae can acquire the disease when they share hosts with infected conspeciÞcs in superparasitized hosts. Maternal transmission of both diseases can be partially blocked by allowing female parasitoids to feed on rifampicin-treated honey before oviposition (Ferreira de Almeida et al. 2002c) . Nosema disease in M. raptor is common in laboratory cultures and results in a chronic infection that greatly reduces parasitoid Þtness within a few generations , 1995 , Zchori-Fein et al. 1992 , Boohene et al. 2003 . No data are presently available on the effects of Nosema disease on T. zealandicus. The purpose of this study was to evaluate the inßuence of Nosema infection on longevity, emergence success, development time, and host attacks by this species.
Materials and Methods
Colonies. Infected T. zealandicus originated from a colony established from samples collected on a poultry farm in Santa Cruz da Conceiç ão, São Paulo, Brazil, and had been maintained on C. putoria for 16 generations at the time of testing. The infection rate of the Þeld-collected parasitioids is unknown. An uninfected colony was established from the infected colony by a combination of drug treatment and postoviposition infection assessment of individual female parasitoids (Ferreira de Almeida et al. 2002b ). Parasitoids were maintained at 25 Ϯ 1ЊC, 60 Ϯ 10% RH, with a 12L:12D photoperiod. Honey and water were provided ad libidum, and mature (wandering stage) C. putoria, house ßy, or S. bullata larvae were exposed to 2-to 5-d-old females for oviposition. Parasitized host pupae were removed from the cages and held for ßy and parasitoid emergence in a rearing chamber at 25 Ϯ 1ЊC.
Chrysomyia putoria were also from a colony originally established from the poultry farm in Santa Cruz da Conceiç ão. Larvae were reared using the diet described by Leal et al. (1982) . Adults were given water and sugar ad libitum and periodically given liver for egg maturation and oviposition. S. bullata adults were given water and yeast-sugar cakes (a mixture of four parts granulated sugar and one part yeast hydrolysate); S. bullata larvae were raised on beef liver. House ßies, originally collected from Florida poultry farms, were reared using standard methods (Hogsette 1992 ).
Longevity of Infected and Uninfected Parasitoids
Under Different Temperature and Feeding Conditions. Five hundred infected and 500 uninfected parasitized pupae of C. putoria were isolated in gelatin capsules for emergence of T. zealandicus at 25ЊC. Individual female and male parasitoids were collected within 1 h of emergence and placed in 100-ml clear plastic cups covered by snap-on plastic lids with screened openings. Forty infected parasitoids of each sex and infection status were placed in each of four rearing chambers set at 15, 20, 25, and 30ЊC, 60 Ϯ 10% RH, and photoperiod 12L:12D. One-half of the parasitoids were given water and honey as food; the other half were given only water (20 male and 20 female parasitoids for each combination of temperature, food treatment, and infection status). Parasitoid mortality was recorded daily. Differences in parasitoid longevity were evaluated by analysis of variance (ANOVA), and means were separated using TukeyÕs method under the GLM Procedure of SAS (P Ͻ 0.05) (SAS Institute 1992) .
Development Times and Emergence Success of Infected and Uninfected Parasitoids. Groups of infected and uninfected T. zealandicus females were provided with 1,200 C. putoria larvae at a host:parasitoid ratio of 5:1. Twenty-four hours later, parasitized pupae were placed in individual gelatin capsules and placed in groups of 100 in 100-ml clear plastic cups with snap-on plastic lids with screened openings. The pupae were then transferred to rearing chambers set at 15, 20, 25, and 30ЊC (three groups of pupae exposed to infected and uninfected females per temperature) and 60 Ϯ 10% RH, 12D:12L photoperiod. In addition, 100 unparasitized pupae were placed in each chamber as controls. Parasitism under these test conditions was 98%. Pupae were monitored twice daily for parasitoid emergence, and the development time at each temperature was determined. Uneclosed host puparia were dissected for the presence of dead (unemerged) parasitoid adults. Differences in parasitoid development time at the four temperatures were evaluated by ANOVA using the GLM Procedure of SAS (SAS Institute 1992) and emergence success of infected versus uninfected individuals were evaluated by simultaneous G-tests of independence comparing the proportion of emerged and dead adults and the proportion males and females emerged to obtain estimates of 2 (Sokal and Rohlf 1981) . Host Attacks by Infected and Uninfected Parasitoids on House Flies and S. bullata. Infected and uninfected females were collected within 24 h of emergence, counted into groups of Þve females each, and placed in 100-ml clear plastic cups covered by snap-on plastic lids with screened openings. It was assumed that the females had mated, because mating typically occurs within the host before emergence (M.A.F.A., unpublished data). Five groups of infected females were provided with 75 mature M. domestica larvae/group (mean weight, 20 mg/larva), and the other Þve groups were provided with 75 larvae of S. bullata (mean weight, 130 mg/larva). An equal number of uninfected parasitoids were tested at the same time. The M. domestica larvae were removed from by hand from rear-ing pans as mature third instars within 24 h of pupation (4 d after placement of eggs under our rearing conditions). S. bullata larvae were collected as they migrated from the liver in search of pupation sites. Exposed ßy immatures were removed from the containers after 24 h and held for ßy and parasitoid emergence. Uneclosed host puparia (those that produced neither a ßy nor any parasitoids after 35 d) were dissected for the presence of parasitoid immatures. The experiment was replicated twice using different emergence cohorts of parasitoids and ßies (total n ϭ 10 sets of Þve females per host species and infection status).
Differences in the number of killed hosts, number of host pupae with dead parasitoid larvae, number of pupae with adult parasitoids, number of parasitized pupae (larvae ϩ adults), number of adult progeny (males ϩ females), and the number of parasitoid progeny/parasitized host were evaluated separately for each ßy species as a function of infection status, replication, and infection status ϫ replication using the GLM Procedure of the SAS (SAS Institute 1992).
Longevity and Progeny Production of Individual Females. Twenty individual mated infected females and 20 uninfected females within 10 h of emergence were placed in 100-ml clear plastic cups covered by snap-on plastic lids with cloth-screened openings and were provided with water, honey, and 16 M. domestica larvae. Water was provided by placing a soaked cotton ball on a portion of the screen lid of each cup; honey was rubbed into another portion of the cloth lid. Host larvae were replaced daily, and the water and honey were replenished as necessary until each parasitoid died. Longevity, host attacks, and progeny production were evaluated as a function of infection status using the GLM Procedure of SAS (SAS Institute 1992) .
Results of the previous experiment indicated that some individual parasitoids were capable of attacking more than the 16 ßy larvae that were provided and that nearly all host attacks were restricted to the Þrst 2Ð3 d after emergence. A second test was conducted using a daily host-provisioning rate of 30 larvae/female, with the observation period restricted to the Þrst 3 d after emergence (n ϭ 20 females per infection status). Uneclosed puparia were dissected after 35 d, and any dead adult parasitoids present within the puparium were counted. Host attacks, parasitism, and progeny production (including emerged as well as unemerged adults) were evaluated as a function of infection status using the GLM Procedure of SAS (SAS Institute 1992).
Results

Longevity of Infected and Uninfected Parasitoids
Under Different Temperature and Feeding Conditions. Infected and uninfected females that were given only water had similar lifespans and lived for a much Means within rows followed by the same letter are not signiÞcantly different at P ϭ 0.05 (TukeyÕs method). shorter time than the honey-fed females at all temperatures (Table 1 ). In contrast, infection resulted in signiÞcant reductions in longevity of honey-fed females at all temperatures except 20ЊC. These reductions were most pronounced at the temperature extremes of 15 and 30ЊC, with infected females living less than one-half as long as uninfected females. Similar results were observed with males (Table 2) . ANOVA results indicated that all of the model main effects (temperature, feeding treatment, and infection status) and the respective interaction terms were highly signiÞcant for both males and females (Table 3) . Development Times and Emergence Success of Infected and Uninfected Parasitoids. Development of infected and uninfected T. zealandicus at constant temperatures is presented in Table 4 . No successful development was observed at 30ЊC. Infected parasitoids developed signiÞcantly faster than uninfected parasitoids at 15, 20, and 25ЊC; however, the differences in development times between infected and uninfected parasitoids was very small at 20 and 25ЊC. Substantially more parasitoids emerged from the uninfected than the infected groups at all three temperatures from which parasitoids emerged (Table 5 ). At 15ЊC, there was no signiÞcant difference in the sex ratios of the infected versus uninfected adults, but overall emergence of uninfected parasitoids was 16 times greater than emergence of infected parasitoids. Sex ratios were signiÞcantly more male-biased in the infected groups at 20 and 25ЊC, and total emergence of uninfected parasitoids was Ϸ11-and 3-fold greater among uninfected parasitoids at these two temperatures, respectively (Table 5) .
Results of dissections of uneclosed puparia for dead adults are presented in Table 6 . Mortality was high at 15ЊC for both infected and uninfected groups, although signiÞcantly higher mortality was observed among infected parasitoids. Emergence success of infected parasitoids was much lower than emergence of uninfected parasitoids at 20 and 25ЊC. At 20ЊC, only 10.5% of the infected parasitoids emerged successfully compared with 85.6% of the uninfected parasitoids. At 25ЊC, 40.3% of the infected parasitoids were successful in emerging from their hosts, whereas 94.6% of the uninfected parasitoids emerged successfully.
Host Attacks by Infected and Uninfected Parasitoids on House Flies and S. bullata. Infected and uninfected parasitoids attacked similar numbers of house ßy larvae during a 24-h exposure (72Ð73 hosts killed per group of Þve female parasitoids), and there were no signiÞcant differences in the numbers of hosts found with dead parasitoid larvae (Table 7) . Uninfected parasitoids parasitized signiÞcantly more house ßy hosts (59.7) and produced more than twice as many adult progeny (311.1) as infected parasitoids (45.1 hosts parasitized, 138.3 adult progeny produced). Parasitoid progeny production from each parasitized host was signiÞcantly higher for uninfected (5.7 adult T. zealandicus/pupa) than for infected (3.8) parasitoids.
The effects of infection on attack rates were less pronounced when S. bullata larvae were used as hosts (Table 8 ). Infected and uninfected parasitoids killed similar numbers of larvae of this ßy (70 Ð74 hosts attacked per group of Þve parasitoids), and although uninfected parasitoids produced somewhat more progeny than infected parasitoids (588.2 and 460.1, respectively), the difference was not statistically signiÞcant. The only parameters that were affected by infection status were total numbers of parasitized pupae (69.5 and 57.4 for uninfected and infected parasitoids. respectively) and adult progeny produced per parasitized pupae (11.7 and 10.2 for uninfected and infected parasitoids, respectively). Infected and uninfected parasitoids had similar lifespans (3.7Ð3.9 d) when they were provided with honey, water, and hosts (house ßy larvae) continuously after emergence (Table 9 ). Infected parasitoids attacked signiÞcantly fewer house ßy larvae overall (16.5 hosts killed throughout life) than uninfected parasitoids (28.2 hosts killed), and produced about one-half as many progeny (9.6 and 21.4 progeny produced per infected and uninfected female, respectively).
Results of the second test, in which daily attack rates were examined for the Þrst three days after emergence, are presented in Table 10 . In contrast to the previous experiment, there were no signiÞcant differences in host attack rates, with infected and uninfected parasitoids attacking 19 Ð26 house ßy larvae over the 3-d observation period. Uninfected females successfully parasitized 6.8 house ßy larvae (hosts that produced live adult parasitoid progeny) compared with only 1.3 larvae successfully parasitized by infected parasitoids. Uninfected parasitoids produced about Þve times as many live progeny (29.7 adult progeny per female) as infected parasitoids (5.9). Dissections of uneclosed puparia indicated the presence of substantial numbers of adult parasitoids that were unable to chew their way out the puparium, but the proportion of unsuccessful adult emergence was higher among infected parasitoids (60% emergence failure) than among uninfected parasitoids (44%). Host attacks and parasitism by both uninfected and infected parasitoids were strongest on day 1 after emergence, with relatively little activity observed by day 3.
Discussion
Nosema disease greatly reduced the lifespan of male and preovipositional female T. zealandicus when they were given honey and water (Tables 1Ð3). These reductions are similar to those seen in Muscidifurax raptor infected with N. muscidifuracis (Geden et al. 1995 , Zchori-Fein et al. 1992 ). Infection could substantially limit the ability of the parasitoids to survive long enough to locate hosts to parasitize in the Þeld. Suprisingly, infected parasitoids that were given only water (no honey) did not have signiÞcantly shorter lifespans than uninfected parasitoids. Honey-fed T. zealandicus females lived two to six times longer and attacked twice as many hosts as unfed females (Ferreira de Almeida et al. 2002a, b) . The effects of sugar deprivation on survival may be so profound that they mask any additional effects of Nosema infection.
Infections with microsporidia often cause delays in development time (Brooks and Cranford 1972; Brooks 1988 Brooks , 1993 Becnel and Undeen 1992; Gaugler and Brooks 1975 ). For example, N. muscidifuracis-infected M. raptor develop Ϸ7% more slowly than uninfected parasitoids (Boohene et al. 2003) . The difference in development time of infected and uninfected parasitoids provides a window that can be exploited to obtain uninfected M. raptor in colonies that are Ͻ100% infected (Boohene et al. 2003) . In our tests, infected and uninfected parasitoids had similar development times over the range of temperatures tested ( Table 4 ), indicating that this disease management strategy will not be possible for T. zealandicus. Infection had a substantial effect on the sex ratios of successfully emerged parasitoids (Table 5) . Although sex ratios were somewhat male-biased in both infected and uninfected parasitoids, infected parasitoids had much higher proportions of males than uninfected parasitoids. The reason for this is unclear and may be because of lower rates of successful mating and insemination by infected males or to higher mortality rates of immature infected females compared with males. Similar sex ratio distortions occur in infected M. raptor (Zchori-Fein et al. 1992 , Boohene et al. 2003 .
Overall adult emergence rates of uninfected T. zealandicus were much higher than in infected parasitoids (Table 5 ). This was due in large measure to differential mortality rates of infected and uninfected parasitoids before emergence. Dissections of uneclosed puparia revealed that many infected parasitoids developed to the adult stage and died before emerging. Infected parasitoids may lack the nutritional reserves necessary for the energetically demanding task of chewing an opening in the host puparium (Thomson 1958 , Veber and Jasic 1961 , Johnson and Pavilikova 1986 .
Infected parasitoids had similar rates of host attacks on both house ßy and S. bullata hosts, with infected and uninfected females attacking Ϸ15 larvae each of both species in 24 h (Tables 7 and 8) . Host species had a modulating effect on successful parasitism, however. When house ßy hosts were used, infected parasitoids parasitized fewer hosts successfully and produced fewer adult progeny, both in terms of numbers of total emerged adults and in adults produced per parasitized host. When S. bullata hosts were used, the number of successfully parasitized hosts and total progeny progeny production were similar in the infected and uninfected groups. Because S. bullata larvae are about Þve times larger than house ßy larvae, effects of infection may be exacerbated in house ßy hosts because of nutritional limitations. About twice as many T. zealandicus adults emerged from each parasitized S. bullata host (10.2 and 11.7 infected and uninfected parasitoids/host, respectively) as emerged from house ßy hosts (3.8 and 5.7).
Initial tests with individual parasitoids given hosts indicated that infection did not shorten the lifespan of parasitoids during their reproductive phase (Table 9) , but infected parasitoids produced about one-half as many live adult progeny as uninfected parasitoids throughout life. When oviposition was monitored daily for 3 d, it became evident that most oviposition occurred during the Þrst 24 h of exposure to host larvae (Table 10) , with uninfected parasitoids producing four times more progeny than infected parasitoids during the Þrst day of host presentation. As seen in previous tests, many infected parasitoids developed to the adult stage but failed to emerge.
In summary, Nosema infection in T. zealandicus results in a debilitating disease that reduces prereproductive survivorship of females and successful emergence of adult progeny. The effects are sufÞciently severe to warrant disease management efforts if this species is to be developed as an operational biological control agent. Field releases of infected parasitoids could have the unintended deleterious effect of introducing massive levels of disease into ecosystems where natural rates of occurrence of such diseases are low (Geden et al. 1995 , Dry et al. 1999 ). Further work is needed to determine the taxonomic standing of this parasite and its relationship to other microsporidia that cause similar diseases in other parasitic Hymenoptera. 
